FINCHSCOPE is a new technology of fluorescence holographic microscopy. It has been successfully applied to recording high-resolution three-dimensional fluorescence images of biological specimens without the need for scanning. In this study, we revealed and analyzed an intrinsic phenomenon, called ghost lens effect, on spatial light modulator which is the core element enabling the incoherent correlation in the FINCHSCOPE. The ghost lens effect can degrade the imaging quality by introducing multiple spherical waves with different focal lengths into the correlation and thus increasing the noise in the recorded holograms.
INTRODUCTION
In recent years, three-dimensional (3D) imaging techniques such as laser scanning and confocal imaging have been applied to fluorescence microscopy [1] [2] [3] [4] . In most of these 3D-imaging schemes, the 3D image is captured by scanning the 3D object, either point by point or section by section. The requirement of a sequential scan to collect 3D information is the major drawback of these methods: It is time-consuming and requires a precise 3D-positioning device. Scanning may also by increasing exposure.
Fresnel Incoherent Correlation Holography (FINCH) is a recently introduced technique to record 3D information from incoherent sources such as incoherently illuminated objects and fluorescent objects [5] [6] [7] [8] [9] [10] [11] . It captures all of the 3D information in one hologram such that the 3D information is encoded in a series of Fresnel zone plates. Generally, in the FINCH system, light is reflected, or emitted, from a 3D object, propagates through a spatial light modulator (SLM), and is recorded by a digital camera. The SLM splits each spherical beam originating from each object point into two beams (object beam and reference beam), a plane wave and a spherical wave or two spherical waves with different curve radiuses, such that the FINCH system operates as a single channel incoherent interferometer producing holograms of separate object points. Incoherent summation of the self-interferences from every object point creates the Fresnel hologram of the 3D object. Subsequently, the hologram is digitally reconstructed by applying the Fresnel transform [12] . The FINCH was first tested for mercury arc lamp illumination [5] and later for fluorescent objects [6] . The method was then successfully used to design a fluorescence holographic microscope, called FINCHSCOPE [13] [14] [15] .
FINCHSCOPE is a motionless holographic microscopy system based on FINCH and is used to record high-resolution three-dimensional fluorescence images of biological specimens without the need for scanning. In this study, we reveal a ghost lens effect of SLM that can degrade the imaging quality of FINCHSCOPE. The ghost lens effect stems from the discrete pixel values uploaded to the LCoS screen of the SLM. It is a nature of digital devices and is difficult to eliminate. However, we have found that the level of the ghost lens effect depends on the focal length of the diffractive lens modulated by the SLM.
Plane wave + spherical wave
EXPERIMENTAL METHODS

FINCHSCOPE Setup
The FINCHSCOPE setup is schematically shown in Figure 1 , which was mainly composed of an objective, a filter set, a mercury arc lamp, an SLM, and a CCD camera. The sample employed in this study was fluorescent polymer microspheres (Duke Scientific Corp., 35-8, 48um diameter, Excitation Maxima 468 nm, Emission Maxima 508 nm). An excitation filter (Thorlabs MDF-FITC excitation filter, 475/35) was used to select excitation wavelengths centered at 475 nm from a mercury arc lamp. The emitted fluorescence with a wavelength centered at 508 nm passed from an infinity-corrected microscopic objective (Motic EF-N Plan, 10×, 0.25 NA) through a dichroic mirror (Thorlabs MDF-FITC dichroic filter, 470-490 nm / 508-675 nm) and an emission filter (Thorlabs MDF-FITC emission filter, 530/43), and was reflected at 12 degree from a phase-only SLM (Holoeye PLUTO NIR2, 1080×1920 pixels) onto a digital cooling EMCCD camera (Andor iXon+, 14 bit, 1024 × 1024, 13 µm 2 ).
Here we briefly describe the FINCHSCOPE approach as follows (For detail of the working principle of the FINCHSCOPE, please refer to Ref. [14] ): A phase map is displayed on the SLM, creating a composition of two different spherical diffractive lenses (one of them having infinite focal length). In this way, a single wavefront originating from each object point is split by the SLM into two mutually coherent wavefronts with two different spherical curves. These two beams propagate in the same direction towards the camera and mutually interfere on the sensor chip. The intensity pattern of the interference originating from the same point source is in the shape of the Fresnel zone plate. The depth location of this radiating point is encoded by the density of Fresnel zone plate rings, and its transverse location is encoded directly by the transverse location of the Fresnel zone plate center. Incoherent accumulation of interference patterns of each object point in the specimen results in a hologram that is recorded by the camera and introduced into a computer. To eliminate the twin image and the bias term resulting from each single hologram, three incoherent holograms are required to record sequentially, each with a different phase factor of the SLM pattern. 
Ghost Lens Effect
To determine the ghost lens effect of the SLM, we conducted a series of experiments with the FINCHSCOPE setup. The method is illustrated in Figure 2 . A polarizer was placed in front of the SLM to achieve an optimum modulation. A sample that contains single-layer fluorescence beads was located at the working distance of the objective, and the fluorescence images of the sample were the main criteria to determine the ghost lens effect in the experiment. The phase maps loaded on the SLM to generate desired diffractive lenses were created by MATLAB. Here we use f 2 to denote the equivalent focal length of the diffractive lens, and we will show later that there are several ghost lenses accompanied with the desired diffractive lens. The ghost lenses are derivatives that inevitably exit beside the desired lens on the SLM. Theoretically, determining ghost lenses generated by the SLM would require a fixed distance between the sample and the objective (fixed f in Fig. 2 ), right at its working distance. Then, by changing the distance between the SLM and the CCD camera, d, and recording all the d value where a focused image exists, we can find out how many ghost lenses there are and what focal lengths they have. However, if d is too large, the signal captured by the CCD camera will be very weak, which will decrease the signal to noise ratio, and the light intensity between recorded images would be significantly different. To avoid this situation, an alternative method was used in our experiment: We fixed d at the imaging plane of the desired diffractive lens, and then, by changing the sample-objective distance (the deviation of the sample position away from the working distance is denoted as Δf), we recorded each image that contains focused sample. The black lines in Fig. 2 stand for the optical path of imaging a sample at the working distance of the objective, while the red lines represent the optical path with a certain Δf. When the sample is not located at the working distance of the objective (Δf is not zero), only if there is another equivalent lens (ghost lens), besides the desired diffractive lens, on the SLM, could the CCD camera record a focused image. This method also guaranteed a relatively stable light intensity captured by the CCD camera.
.
RESULTS AND DISCUSSIONS
Experimental Results
The experiment was separated into two groups of tests. In the first test, the focal length of the diffractive lens loaded on the SLM, f d , was set to be 400 mm, and accordingly d was also 400 mm. In the second test, f 2 and d were set to be 600 mm. The fluorescence imaging results of the two tests are shown in Figs. 3 and 4 , respectively. During the first test, as depicted in Fig. 3 , 6 focused images were obtained at different Δf when vertically moving the sample. This fact demonstrated that there were 6 lenses superimposed on the SLM when the f d =400 mm diffractive lens was uploaded, 1 desired lens (f d =400 mm) and 5 ghost lenses. Among the 6 fluorescence images, Fig. 3(d) is of the best signal-to-noise ratio, because it was imaged by the f d =400 mm lens which was dominant among the others. The other lenses were derivatives produced due to the discrete pixel values and limited resolution of the SLM (refer to Fig. 6 ). Figures 3(a), (b) , (c), (e) and (f) were imaged by ghost lenses so that serious noises comparable to signals occurred. The noise in each image was mainly composed of the defocused images of the other 5. Similarly, Fig. 4 presents 5 fluorescence images produced with the desired f d =600 mm lens (Fig. 4(d) ), and other 4 ghost lenses (Figs. 4(a), (b) , (c) and (e)). . It has been reported that the gaps between SLM pixels can form an equivalence lens. Normally it can be minimized but not completely eliminated by a polarizer. In order to separate the effect of gaps from ghost lenses, another group of tests were taken with a blank screen (equal phases) on the SLM (Fig.5) . As a result, when d=400 mm, a focused image (Fig. 5(a) ) was obtained at the position of Δf = +0.432 mm, which matches the result of Fig. 3(c) . Similarly, as d=600 mm, Fig. 5(b) matches Fig.4(c) . 
Discussion
Now let's discuss how ghost lenses are generated. SLM reshapes the incident light by modulating its phase. A phase map loaded on SLM is displayed as a gray-scale image in which each pixel represents a phase value. When uploading a lens onto an SLM, one can control the focal length by changing the density of the Fresnel zone plate. However, the Fresnel zone plate on SLM can never be perfect due to the limited resolution of the SLM screen. This can be clearly seen in Fig. 6 , which shows 3 phase maps of Fresnel zone plates to be uploaded onto SLM. Theoretically, a phase map should look like a series of gradually changing, concentric rings. Whereas, in reality, the phase map will not only contain one series of concentric rings but also plenty of others on the sides. The right side of Fig.6 is the zoom-in view of the phase maps, displaying a series of rings centered at different places on the horizontal midline. The densities of those derivative rings are different, which could function as ghost lenses placed behind/in front of the desired lens. The reason why the derivative rings occur is that SLM images are composed using pixels, which have discrete values. SLM is not capable of continuously modulating the phase of light, as a real optical lens. This can be simply illustrated with Fig. 7 . It is clear that the error rate will increase when fewer pixels are available to represent a continuous value range. In another word, higher density of concentric rings of the Fresnel zone plate (that is, shorter focal length of the SLM-generated diffractive lens) can result in more ghost lenses that contribute more noise to FINCHSCOPE. Nevertheless, the ghost lens effect of SLM has potential to be applied to new imaging techniques other than holography, e.g. multiple-layer imaging in real time. 
